ABSTRACT: Petrographic examination shows authigenic chabazite and calcite in the ice-free or weathering horizon of glacially deposited diamictites in the Sirius Group on Table Mountain in the Dry Valleys area of Antarctica. Some samples contain as much as 18% chabazite, which fills pores in matrix clays. These pores are thought to have formed by repeated cycles of freezing and thawing during a warmer and wetter climate than the present. The chabazite is sodium-rich and has an average composition of (Ca 0.9 Na 1.9 K 0.2 )Al 3.9 Si 8 O 24 ·6H 2 O.
INTRODUCTION
In November 1994, Bleakley (1996) sampled the soil or weathering horizon of glacially deposited diamictites in the Sirius Group at Table Mountain and Mount Feather to determine the origin of rare marine diatoms. Through petrographic examination, we found authigenic chabazite present in all of the samples from Table Mountain but absent from those at Mt Feather some 50 km away (Fig. 1 ). This paper attempts to assess the formation of chabazite under the conditions found at Table Mountain. Zeolites are common authigenic silicates in sedimentary rocks from diverse ages and depositional environments (Coombs et al. 1959; Iijima and Utada 1972; Hay 1966 Hay , 1981 Sheppard 1973) . Zeolites also form in soils and surface deposits of arid or semiarid climates where high pH occurs from the concentration of sodium carbonate-bicarbonate by evapotranspiration (Hay 1981; Ming and Mumpton 1989) .
Zeolites have been reported from only a few locations in Antarctica. A wide variety of zeolites of presumed hydrothermal origin have been found in vugs and veins of the Ferrar Dolerite and Kirkpatrick basalts (Gunn and Warren 1962; Vezzalini et al. 1994) . Vavra (1989) found a suite of authigenic zeolites, precipitated by heat from diabase intrusions, in Beacon Supergroup sandstones from the Beardmore Glacier area. A small variety of non-hydrothermal zeolites have also been reported from other sites. Linkletter (1974) found phillipsite in what appeared to be lake sediments covered by tills at two sites in the Taylor dry valley. Claridge (oral communication 1997) reported that the Golden Shale, near Gneiss Point, is a deposit of phillipsite that probably formed from deposition and alteration of volcanic ash in a small saline lake. Campbell and Claridge (1987) reported a 5-10 cm thick horizon of stilbite in a soil from the Roberts Massif, and Gibson et al. (1983) found traces of authigenic chabazite in a soil from the Wright Valley. Interlocking crystals of chabazite and mordenite were also reported at a depth of 686 m in CIROS-1 core from McMurdo Sound (Bridle and Robinson 1989) .
Chabazite was unknown in sedimentary deposits until Hay (1964) discovered it in tuffs at Olduvai Gorge, Tanzania. It crystallizes in the trigonal system and has an ideal composition of CaAl 2 Si 4 O 12 ·6H 2 O. Morphologically, at low temperatures chabazite forms rhombohedral crystals, which because of their nearly 90Њ angles appear as cubes. However, with increasing temperatures of crystallization, the rhombs become more complex, with interpenetrating twins and multiple facets (Walker 1951) .
The composition of the chabazite group varies considerably because of replacements within the structural framework of the type (Na,K)Si[special symbol here]CaAl and also of the type Ca[special symbol here]Na 2 [special symbol here]K 2 (Coombs et al. 1959) . The Si/Al ratio of chabazite varies between 1.4 and 2.8. Although it forms nearly a complete solid-solution series between calcium and sodium, sodium-pure and potassium-pure varieties have not been found (Passaglia 1970) .
Geology
Compact till and associated stratified sediments of the Sirius Group are preserved sporadically at high elevations along the Transantarctic Mountains for a distance of about 1200 km (Mercer 1972; Mayewski 1975) . One of several Sirius Group deposits in the Dry Valleys area lies on the northwest slope of Table Mountain at about 1700 m above sea level (Fig. 1) . It consists of a 15 m thick sequence of diamictite, conglomerate, and sandstone (Barrett and Powell 1982) . This sequence overlies the dark gray Terra Cotta Siltstone of the Lower Beacon Supergroup (Lower Devonian) and is partially obscured by a residual pavement of dolerite clasts. The Sirius diamictite is an unstratified, semilithified mixture of mud, sand, and gravel. The diamictite has striated clasts and a directed fabric, which indicates deposition directly beneath ice when glaciers were more extensive than today (Barrett et al. 1997; Bleakley 1996) .
The age of the Sirius Group deposits has been the subject of considerable debate. On one hand, geomorphic evidence suggests that the Sirius is very old, ranging from 25 Ma (Barrett and Powell 1982) to 12 Ma (Clapperton and Sugden 1990) . On the other hand, marine diatoms found in the diamictite (Webb et al. 1984; Webb and Harwood 1991) suggest a younger age of about 3.5 Ma. While this debate has not been totally resolved, evidence presented by Stroeven (1994) , Bleakley (1996) , and Barrett et al. (1997) strongly suggests that the diatoms have been emplaced by wind, and this makes the older age more probable. In addition, surface age dating and relative soil formation suggest that many soils in this area have been exposed for roughly 10 million years (Sugden et al. 1993) . Dating of the plateau surface at Table Mountain gives a minimum age of 2.6-2.9 Ma (Ivy-Ochs et al. 1995) , indicating that the soil has been exposed for at least this long. However, because of the lack of stratigraphic control, it is not clear if the deposition of the Sirius was a synchronous event throughout the Transantarctic Mountains.
Soils
Although the dominant weathering process in Antarctica is physical, chemical weathering and associated soil horizons in the Dry Valleys area have been well documented (Tedrow and Ugolini 1966; Ugolini and Anderson 1973; Ugolini and Jackson 1982; Gibson et al. 1983; Campbell and Claridge 1987) . Chemical weathering in this area takes place under dominantly freezing conditions, extreme aridity, and virtual absence of biologic activity. The term soil is used in the broad sense to include the weakly developed chemical and physical horizons seen in shallow profiles on the surface of most Antarctic rocks and sediments.
The soil horizon is generally ice-free, and its base is usually at the depth 4 Pores that result from the dissolution of framework grains. 5 Original porosity before cementation and dissolution of grains (% cement ϩ % primary porosity).
where ice-cemented material or permafrost is present (Campbell and Claridge 1987) . The thickness of the soil horizon varies with the site, depending on temperature, available moisture, and aspect. The boundary between the ice-free and ice-cemented horizons does not fluctuate annually (Campbell and Claridge 1987) , but it may have long-term fluctuations that reflect major climatic variations in moisture and temperature. During warm and wet periods, moisture in the form of vapor may diffuse downward to form ice cement and raise the boundary. Conversely, during cold dry periods, the ice cement would sublimate to lose moisture and lower the boundary. At sites like Table Mountain , Campbell and Claridge (1987) described the soil moisture regime as ultraxerous (ground temperature rarely above freezing and water usually absent). Although a systematic measurement of the thickness of the soil horizon was not made, it ranges from about 0 to 50 cm deep at Table Mountain and Mount Feather. In most areas, the soil is loose material (weathered Sirius moraine, Fig. 1 ) and covered by a desert pavement of dolerite clasts. Where this material has been eroded away, such as on topographic highs, the Sirius (Sirius Group, Fig. 1 ) is exposed as a hard but very friable rock with a texture similar to dried mud. Both the hard Sirius and the loose, weathered Sirius have an ice-free or soil horizon that lies above an ice-cemented horizon.
Under the present climatic conditions, an active freeze-thaw layer at either Table Mountain Table Mountain , small amounts of runoff water from melt after a summer snowfall may penetrate at least 17 cm into cracks associated with patterned ground (James Goff, oral communication 1996). Because this moisture would rapidly evaporate or sublimate from the ice-free horizon, it does not seem possible that such small, periodic amounts of moisture could produce the patterned ground at Table  Mountain . Conceivably, this patterned ground resulted from an active layer formed during a period warmer and wetter than at present.
METHODS
Samples used in this study were collected from shallow pits at two sites on Table Mountain (Fig. 1) . The pits were dug with hammer and chisel, and their depth was limited by the ice-cemented permafrost layer 30-40 cm below the surface (Bleakley 1996) . For petrographic analysis the samples were vacuum impregnated with blue-dyed epoxy and then cut and ground to a thickness of 30 m for standard thin-section preparation. Modal analysis was determined from 300 point counts (Table 1) .
For powder X-ray diffraction (XRD) analysis, samples were gently disaggregated by mortar and pestle and dry sieved to obtain the 63-37 m size fraction. Petrographic analysis showed that this was the optimum size range of the authigenic chabazite crystals. The zeolite was further separated by flotation in tribromomethane, which was diluted with acetone to a specific gravity of 2.3. The purified sample was then packed and slow scanned between 5Њ and 70Њ 2 using Cu radiation ( Table 2) .
The chemical composition of the pore-filling zeolite was obtained using a JEOL 733 electron microprobe to examine polished thin sections as well as polished block mounts of the 68-38 m size fraction from several horizons (Table 3) . A defocused beam (spot size 10-20 m) was operated at 15 kV and 15 nA for a single 10 s peak count and two 10 s background counts. These conditions ensured minimal Na loss. All analyzing points were located using backscattered electron imaging as a check on sample homogeneity.
Cation recalculations were based on 24 oxygens and unit-cell dimensions for chabazites (Table 3; Passaglia 1970) . Balance error (E%) indicates the reliability of the analysis (Passaglia 1970) . A positive error shows an excess of trivalent cations, and a negative error shows an excess of exchangeable cations. (Passaglia, 1970) .
RESULTS

Petrography
Petrographic observations show that some samples contain as much as 18% authigenic chabazite (Table 1 ). The chabazite occupies both primary and secondary pores and may be present as discrete crystals or as an occlusive cement composed of many crystals ( Fig. 2A, B) . Discrete crystals, which range from about 10 to 70 m in size, appear as cuboidal rhombs with closely spaced striae visible on some of their sides, while the occlusive cement has blocky borders where exposed to open pore space. The chabazite has moderate relief, and its birefringence is so low that it appears isotropic.
Observations by scanning electron microscope (SEM) show well formed cubic-like rhombohedra of chabazite throughout the samples (Fig. 2C) . The chabazite crystals are corroded and show a blocky, mottled texture where they were in contact with framework grains (Figs. 2C, 2D ). SEM also shows that the surface texture of most quartz grains is corroded and fluted (Fig. 2D) .
Although chabazite is more abundant at site 2 than at site 1, its abundance at both sites increases with depth (Fig. 3) . In the upper sample at site 1, the chabazite is encased by calcite cement. The abundance of this calcite decreases with depth (Fig. 3) . In all samples, chabazite is more abundant in the primary pores than in the secondary pores that were created by dissolution of Ferrar Dolerite grains.
Primary porosity is highly variable within individual thin sections as well as between different samples (Table 1 ). The pores range from equidimensional to elongate and may lie within the matrix or between the matrix and a grain. Matrix clays commonly form semi-parallel bands that act to line the pores (Fig. 2A) . Both initial porosity, determined as minus-cement porosity (Table 1) , and secondary porosity are greater at site 2 than at site 1. The pores did not result from thin-section preparation because the samples were impregnated with blue-dyed epoxy. In addition, because the diamictite was hard and dry at the outcrop (Bleakley 1996) , pores that could have developed during sampling would appear as fractures, which are readily observed in thin section.
X-ray Diffraction
Routine powder XRD analysis of bulk samples and clays failed to detect the chabazite even when it constituted 18% of the total rock. X-ray identification was possible only after dry sieving and heavy-liquid separation to concentrate the zeolite. Although a high percentage of quartz was incorporated into this fraction, chabazite peaks were strong enough to give diagnostic identification (Table 2) .
The d spacings of the main powder diffraction peaks of chabazites change significantly with the Si/(SiϩAlϩFe) ratio (Passaglia 1970) . Our Table Mountain chabazite gives peaks that are similar to other sodium-rich chabazites reported by Gottardi and Galli (1985) .
Electron Microprobe
Oxide totals of the chabazite cement ranged from 75% to 90% because of water loss during beam bombardment (Table 3) . However, balance errors of less than Ϯ 10% and the fact that Si plus Al is almost equal to half the oxygen atoms provide a measure of analytical reliability. The small amounts of Fe 2 O 3 (total iron) detected in some of the analyses are considered to be present in the zeolite lattice, because backscattered imaging indicated that no impurities (e.g., hematite) were present. From Table 3 , the average composition of the chabazite analyses is (Ca 0.9 Na 1.9 K 0.2 )Al 3.9 Si 8 O 24 ·6H 2 O The compositions of chabazites are plotted on triangular diagrams to emphasize both exchangeable and framework cations (Fig. 4) . In the CaNa-K plot (Fig. 4) for exchangeable cations, the Sirius Group chabazites are distinctly low in K compared to those from a till in the Wright Valley, Antarctica (Gibson et al. 1983 ) and those from lake sediments of the Mojave Desert, California (Sheppard and Gude 1973) . The Si-D-M plot (Fig.  4) shows that because of their relatively low Si content, the Sirius Group chabazites and those from Gibson et al. (1983) plot within the hydrothermal field as designated by Passaglia and Vezzalini (1985) .
DISCUSSION
For dissolution of grains and precipitation of authigenic minerals to occur on the relatively large scale seen in the weathered horizon of the Sirius at Table Mountain, two requirements are necessary: (1) fluid for the transport of ions, and (2) porosity and permeability that will allow migration of that fluid. Our working model suggests that these requirements developed concurrently under postdepositional conditions in the Sirius diamictite.
Porosity and permeability in glacial diamictites is likely to develop through periglacial activity (Barrett et al. 1997 ). The elongate shape of the pores suggests that soft matrix material was squeezed against grains during a freeze period. Repeated cycles of freezing and thawing or wetting and drying could produce an interconnected network of pores. This must have occurred when the diamictite was soft and moist during a warmer period when water was more abundant than at present. The dry, friable, and frozen nature of the diamictite precludes formation of pores under the present conditions.
As water freezes in the pores of sediments or rocks, dissolved salts remain unfrozen as thin films of interfacial brine. Ugolini and Anderson (1973) demonstrated ionic migration in frozen soils, and argued that this provides a mechanism for chemical weathering in permanently frozen conditions. Anderson (1981) showed that interfacial films of brine exist in soils at temperatures as low as Ϫ80ЊC. The thickness of this film depends on the temperature and salinity of the brine. Although it may be on the order of two molecular diameters thick, this liquid layer would coat all grain surfaces, and would be highly reactive.
The main factors that control the species and precipitation of diagenetic zeolites are (1) texture and composition of the host rock, (2) composition of the pore waters, and (3) temperature (Passaglia et al. 1990 ). Na-enriched zeolites tend to form through the interaction of parent materials with pore waters that are strongly alkaline (pH Ͼ10) in a hydrologically closed system (Gottardi 1989; Passaglia et al. 1990) . Such conditions, which are typical of arid and semiarid soils in warm climates (Passaglia et al. 1990 ), could be reproduced on the interfacial films of brine in permanently frozen ground. This would imply that zeolites such as chabazite are not good indicators of temperature conditions.
The source of material for the chabazite at Table Mountain is speculative. Volcanic glass, the source for many diagenetic zeolites , is not present in Sirius Group sediments. Rock fragments of Ferrar Dolerite, Table 3 . Feldspar field is approximate for that which is present in the Ferrar Dolerite.
which constitute about 5% of the samples, are visually the most reactive grains, because they show widespread evidence of in situ dissolution, especially plagioclase (Fig. 2B) . The low K content of the Sirius chabazite is similar to that found in hydrothermal vugs from Antarctic dolerites ( Fig. 4 ; Vezzalini et al. 1994) , and this strongly suggests that the source material was dolerite plagioclase with compositions ranging from An 81 Ab 18 Or 1 to An 24 Ab 71 Or 8 (Grapes et al. 1989) . However, plagioclase compositions in the Antarctic dolerites extend to higher Ca values than in the chabazite, which is more Na-rich, implying that an extra source of Na is required. Campbell and Claridge (1987) pointed out that Na and nitrate are generally the most abundant water-soluble ions in Antarctic soils and predominate even in soils from Ferrar Dolerite, where Ca and Mg might be expected to dominate. They suggested that the Na and nitrate are derived from the sea but are rained out onto the polar ice sheet from the upper atmosphere. Most moisture supplied to the Sirius comes as windblown snow from the Polar Plateau and may sublimate in the soil horizon to concentrate these ions (Campbell and Claridge 1987) .
Although the dolerite rock fragments could source the necessary Si and Al, much of the Si in the chabazite may also come from dissolution of quartz grains (Fig. 2D) . Clearly the weathering horizon is or was highly corrosive to quartz. Because the solubility of quartz is largely dependent on pH and temperature, the interfacial brine layer must be extremely alkaline to compensate for the freezing conditions and produce the observed degree of quartz dissolution.
The timing and relationship of chabazite and calcite precipitation are difficult to determine without examining the ice-cemented horizon below our samples. However, their precipitation appears to overlap with grain dissolution. Both cements are distinctly more abundant in the primary pores than in the secondary pores. This suggests that the minerals precipitate in secondary pore space as it becomes available. That calcite encases chabazite implies that the chabazite was there first. The precipitation of calcite may represent a wetter phase of climate because calcite precipitates in lower pH and less alkaline conditions than zeolites (Surdam 1981) . However, it is likely that dissolution and precipitation of authigenic minerals are continuous processes that overlap each other as the boundary between the ice-free and ice-cemented horizons moves up and down in response to climatic change.
The presence of calcite and chabazite in the ice-free horizon (Fig. 3) gives no clue as to their extent in the ice-cemented horizon, which was not sampled. However, it seems unlikely that these minerals form in the icefree horizon because a liquid or interfacial film of brine is necessary for their precipitation. We believe that the authigenic minerals precipitate at or near the boundary between the ice-free and ice-cemented horizons. The mechanism is similar to precipitation of minerals in the capillary zone of soils in warmer climates. As the ice at this boundary sublimates, the film of brine becomes more concentrated until precipitation occurs in the process of efflorescence. Precipitation is kinetically driven by sublimation, allowing the crystals to grow in the open pore space of the ice-free horizon.
If the boundary between the ice-free to ice-cemented zones is controlled by climate, and if the precipitation of authigenic minerals occurs at this boundary, then the position of these minerals relative to the ground surface may be an indicator of past climates. Precipitation of authigenic minerals and dissolution of grains is easier to explain by the above model than it is to explain the type of minerals that precipitate. Salt minerals, common at low elevations in the Dry Valleys, are absent from our samples. Although zeolites are found in the Dry Valley soils at lower elevations, they are not common. Salt minerals may be more common in warmer moister climatic zones closer to the sea, which provides most of the ions (Keys and Williams 1981) . The abundance of these ions may simply oversupply or swamp the Al and Si necessary for zeolites to form. Therefore, zeolites may form where the supply of mobile ions nearly equals the supply of Si and Al.
Only six zeolite species are common in saline, alkaline environments: analcime, chabazite, clinoptilolite, erionite, mordenite, and phillipsite (Surdam 1981) . Cation content is variable in all of these species, and we can offer no explanation for why chabazite is the preferred zeolite at Table  Mountain . No authigenic minerals were observed in the samples from Mount Feather, which is only 50 km away but approximately 1000 m higher. This suggests that the formation of a particular zeolite species may be dependent on temperature, but supply of critical ions seems equally important. If a zonation of different zeolite species is found and related to environmental conditions, an answer to this question may be possible.
CONCLUSIONS
Chabazite in the weathering zone of the Sirius Group is significant because the processes by which it formed are probably widespread. Therefore, zeolites may be a very common mineral in Antarctic soils.
Our model suggests that authigenic cements in the Sirius Group precipitate at or near the boundary between the ice-free and ice-cemented horizons. These cements would therefore record the level where this boundary existed in the past. The degree of cementation may even reflect the length of time the boundary remained stationary at any particular level. Because climate controls the level of the boundary, authigenic cements, which can indicate the level of the boundary, may provide proxy indicators of past climate. However, additional work is necessary to determine if the type of authigenic cement reflects climatic conditions or source material.
